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. .  ABSTRACT 

. .  - .- . .  

Progress .in both so l id - l iqu id  and so l id - so l id  i n t e r d i f f u s i o n  
bonding of large' area wafers t o  substrates i s  described. 

l a y e r .  
system. 
SSLD bonding p ro jec t s  i s  discussed as t o  causes and poss ib l e  so lu t ions .  
Bonds of 2-inch multidevice wafers t o  molybdenum s u b s t r a t e s  us ing  both 
methods have been made and t h e  devices t e s t e d .  I n i t i a l  data on the 
therrnophysical p rope r t i e s  phase of the program are presented.  
inc lude  the thermoconductivity of s eve ra l  e u t e c t i c  z l l o y s  
of the Ag-In system. A l s o  the thermal expansion of the Ag-In s o l i d  
so lu t ion  i s  presented.  Modifications i n  the mechanical p rope r t i e s  
measurements along w i t h  progress  i n  this  phase are a l s o  descr ibed.  

The f i r s t  da ta  from the stress ana lys i s  computer program 

The ' l i q u i d  
bonds are pr imar i ly  f ab r i ca t ed  of Au w i t h  In  and/or Sn as the 11 w e t "  

The s o l i d  s ta te  bonds have been made c h i e f l y  wi th  the Au-Ag 
The problem of voiding which dominates both  the SLID and 

These 
and a l l o y s  

< ; c  

y i e l d s  some i n s i g h t  i n t o  the stress p a t t e r n s  of a t r i l a y e r  bond 

parency-to-stress ' '  i n  t he  so lde r  l aye r s  used t o  make bonds. 
c a t i o n s  on f ab r i ca t ion  of n e w  so lde r s  and f u t u r e  bonds are discussed.  

system using gold so lde r .  These r e s u l t s  i n d i c a t e  a c e r t a i n  11 t r ans -  
Impli- 
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1.0 INTRODUCTION 

This report describes work performed during -the fourth 
3-month period of an 18-month program to develop techniques f o r  
reliably bondhg large area' silicon'wafers to suitable heat sinks. 
The purpose is to enable bonding of silicon single crystals greater 
than 10,000 square mils in area and up to 2 inches in diameter in a 

manner which does not damage the wafer. In addition, the electrical 
properties of the semiconductor devices constructed in the wafer must 
not be altered, while the provision of a low thermal resistance path 
is a necessity. The system should not degrade under repeated thermal 
shock or other high stress testing which simulates operation. 

' 

Phase one of this program is the study of basic properties I 

. of *potential bonding materials and the development of techniques suit- 
able to large area application. This,phase has matured and the 
selection of suitable metal systems is near completion. Development 

I of methods for the efficient use of these materials is in progress. 

A unique soldering technique--diffusion bonding--has emerged 
as most attractive f o r  accomplishing the required task. 
of forms, each suitable for a specific purpose; this method achieves 

In a variety 

a high melting point solder bond while employing a l o w  temperature 
anneal. This enables the use of "brazing" type solders without intro- 
ducing the excessive strains of a high temperature excursion. Recent 
accomplishments using all s o l i d  state diffusion bonds and the original 
solid-liquid diffusion bonds are described in section 2.1. Methods 
making use of common eutectic s o l d e r s  in novel ways are outlined in 
section 2.2. 

Measurements of various thermophysical properties of solder 
alloys--both eutectic and noneutectic--are w e l l  underway (section 2 . 3 ) .  
Values for the thermal conductivity and coefficient of expansion f o r  
some systems are given. Advances in the mechanical properties 
measurements are described. 

/- 



Sect ion 2.4 i s  devoted t o  t h e  i n i t i a l  r e s u l t s  of t he  
computer stress ana lys i s  program. 
appl ied  t o  a t r i l a y e r  bond of S i t 0  Mo using a gold so lde r  l aye r .  
E f fec t s  produced by varying t h e  expansion c o e f f i c i e n t  of both t h e  
so lde r  and the  s u b s t r a t e  are discussed. 

Analy t ica l  methods - * -  have been 

2.0 TECHNICAL DISCUSS I O N  

2 . 1  DIFFUSION BONDING 

In a previous r epor t  i t  has been pointed out  t h a t  non- 
standard bonding techniques must be employed i n  hea t  s inking l a r g e  
area s i l i c o n  devices.  Due t o  the d i s p a r i t y  i n  thermal c o e f f i c i e n t  
of expansion between s i l i c o n  and most hea t  s inking materials, s m a l l  
temperature excursions during bonding are des i red .  O n  t h e  o ther  
hand, so lders  r e s i s t a n t  t o  t h e  hardenking e f f e c t s  of thermal cyc l ing  
(usually high temperature so lde r s )  must be used. 
c a l l e d  "d i f fus ion  bond" presented an a t t r a c t i v e  approach t o  the  
so lu t ion  of t h i s  problem. 

The use of t he  so- 

I I 

2 . 1 . 1  Solid-Liquid I n t e r d i f f u s i o n  Bond 

T r i l a y e r  systems of Au-In, Au-Sn, and Au-(In+Sn) are 
e lec t rodepos i ted  by the  procedures described i n  the Third Quarterly 
Report of t h i s  con t r ac t .  These cons is ted  of about 0.5 t o  0.7 m i l  
of Au deposited onto both t h e  wafer ant: hea t  s ink .  
and/or Sn 0.2 t o  0.5.mil  t h i c k  covered this and served as the  "wet"  
l a y e r  during bonding. 
w e t s  and d isso lves  Au u n t i l  a composition i s  reached where the  m e l t  
cannot remain l i q u i d .  
begins and continues u n t i l  t h e  e n t i r e  bonding l a y e r  has s o l i d i f i e d ,  
Further  anneal  then serves  t o  homogenize the bond. 
that i n  th i s  way one can o b t a i n  a hard,  h igh  melting poin t  so lder  

A f i l m  of I n  

When both plates are coupled the I n  (Sn) 

P r e c i p i t a t i o n  of a high melting poin t  s o l i d  

It i s  bel ieved 

.- 2 
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while  employing t h e  moderate temperature excursions necessary t o  
prevent h igh  stresses i n  t h e  wafers. 

* 

2.1.1.1 . R e s u l t s  . 

X n i t i a l  experiments w e r e  c a r r i e d  out  wi th  2-inch diameter, 
7-rni1' t h i c k ,  p-type, s i l i c o n  wafers on 1/8-inch t h i c k  molybdenum sub- 
strates. Several  f a i r  mechanical bonds were achieved w i t h  the indium 
w e t "  l a y e r  bu t  i n  every case w a f e r s  w e r e  fouxid t o  have cracked 

severely.  This i s  a t t r i b u t e d  t o  the thinness  of t he  s i l i c o n  and 
hence i t s  i n a b i l i t y  t o  withstand the compressional fo rces  imposed 
on it during cool ing.  I n  one case where t h e  wafer d i d  not crack,  
no t iceable  buckling occurred wi th  t h e  cen te r  of the  wafer p r o t r u d i n g .  
about 10 m i l s  above the  s u b s t r a t e .  
mechanical shock caused a crack t o  propagate across  t h e  wafer. 

I1 

Shor t ly  t h e r e a f t e r  a s l i g h t  

c 

I n  more recent  experiments wafers 20 m i l s  t h i c k  have been 

I used and the  cracking problem has apparent ly  been resolved.  Many 

mechanical bonds t o  1/8-and 1/32-inch moly plates.  These include .. 

2-inch wafers have been bonded (using both I n  and Sn) wi th  good 

not only blank unprocessed s i l i c o n  but  several wafers containing 
more than 400 power t r a n s i s t o r s .  

It should be noted t h a t  although the use  of t h i c k e r  wafers 
solves  the  problem of cracking, i t  presents  t h e  a d d i t i o n a l  complica- 
t i o n  of a longer ,  high.therma1 r e s i s t a n c e  p a t h  f o r  heat d i s s i p a t i o n .  
Ekperiments t o  optimize wafer thickness  so as t o  provide maximum 
hea t  d i s s i p a t i o n  wi th  good mechanical s t r eng th  w i l l  be  i n  progress 
sho r t ly .  These experiments must a l s o  eva lua te  t h e  need t o  provide 
a wafer i n  which d i f fused  junc t ion  devices opera te  i n  a stress f r e e  
environment (Phase I11 of program). 

3 



2.1.1.2 Voids i n  Solid-Liquid Diffusion Bonds 

The major problem a t  t h i s  s t age  of the program is  t h e  
presence of l a r g e  v'oids i G  t h e  so lde r  l aye r .  Examples  of some 
voids  which have been encountered are shown i n  Figures  1 and 2. 
These voids ,  i n  l i q u i d - s o l i d  bonds are genera l ly  of two types,  
smooth-walled sphe r i ca l  voids  randomly d i s t r i b u t e d  (near the 
cen te r  of t h e  wafer) and elongated i r r e g u l a r  ones running p a r a l l e l  
t o  t h e  i n t e r f a c e .  

. 

I n  extreme cases  voids encompassing up t o  50 
percent of t h e  so lde r  volume have been seen [Figure 2 ) .  - . .  

It is  poss ib l e  t o  enumerate a v a r i e t y  of causes f o r  void 
formation i n  s o l i d - l i q u i d  bonding: 

(I) Trapped Gas--Since the e l e c t r o p l a t e d  l a y e r s  of material 
are rough tex tured ,  small pockets of a i r  are trapped between t h e  wafer 
and s u b s t r a t e  when they are placed it? contac t  before  t h e  d i f f u s i o n  
anneal.  
becomes a bubble i n  the so lde r .  These may appear as smooth-walled 
sphe r i ca l  ho les  along the  i n i t i a l  bond i n t e r f a c e  and should be  more 

When t h e  l o w  melting poin t  l a y e r  w e t s ,  t h i s  t r apped  gas 

1 

prevalent  near  t h e  cen te r  o f . t h e  wafer where t h e  chance of escape i s  
very  small. 

(2) Outgassing--Because of t he  method used f o r  making t h e  
m e t a l  l aye r s ,  namely e lec t rodepos i t ion ,  a s i g n i f i c a n t  amount of gas 
and even poss ib ly  l i q u i d  may be included i n  t h e  f i lms .  
c e n t e r  l a y e r  w e t s  o u t , t h e s e  gases evolve ( the l i q u i d s  vaporize)  and 
form voids s imi la r  t o  those of the trapped vapor but  loca ted  wi th in  
the "wet" material rather than along the i n i t i a l  i n t e r f a c e .  

When the 

(3) 
cool ing process proceeds from the o u t e r  edges of the  bonded wafer t o  
t h e  cen te r .  

Nonuniform Cooling--It has been observed that t h e  

I f  the "wet" l a y e r  has not  completely s o l i d i f i e d  upon 

6 
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Figure 1. Smooth-Walled 
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1 removal from the annealing furnace; then the faster cooling at the 
edge "pins'' it to the substrate. 
r.eglon to bulge, due to the disparity in expansion coefficient, and 
"pillaring" of the &solidified material in this region may occur. 
Alternate regions between connecting pillars appear as voids 

Further cooling causes the central 

(Figure 31.. 

( 4 )  Chemical Reaction--The presence of metallic oxides 

Through the reactions 
in the deposited layers may cause the release of gases when N2 and 
H2 are used as atmospheres for the anneal. 

N + MO + 

H 4- MO + 

NO2 4- M 

H20 + M 

steam and nitrous oxide may evolve and form the gas filled voids 
previously described. 1 

,,/- (5) Dewetting--In systems where nonmating surfaces are 
indium on the wafer and tin on the substrate) e ,  put together (e.g. 

one surface may dewet leaving long wide voids along the initial 
interface. 

( 6 )  Diffusion Effects--If the diffusion anneal is 
continued after hardenicg, small voids may evolve due to the 
anisotropy in diffusion coefficient across an interface (Kirken- 
dall effect). 
.of vacancies and dislocations which are probably present in large 
numbers in electroplated films. Both of these effects are prob- 
ably quite insignificant when compared with the others. 

Other small voids may result from the clustering 

, 

A solution-to the void problem must be reached before 
satisfactory solid-liquid interdiffusion bonds are obtained. 
Experiments are to be started to determine feasible processes for 

* >  
I 

* 
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Figure 3 .  Pillaring i n  a Liquid-Solid Bond 
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e l imina t ing  voids .  These w i l l  include vacuum anneal t o  c o n t r o l  
chemical r eac t ions  wi th  p r o t e c t i v e  atmospheres, and w i l l  a l s o  
e l imina te  gases which would be  su r face  trapped. "Prewetting" t h e  
c e n t r a l  l a y e r ,  under vacuum, t o  remove much dissolved gas so  t h a t  
it cannot evolve wh i l e  bonding i s  going on. The use  of b inary  and 

t e rna ry  a l l o y s  of G a ,  Hg, In ,  and Sn which are l i q u i d  at room t e m -  
pe ra tu re  w i l l  a l l o w  'lscrubbing" and uniform wett ing out  of t h e  
furnace :where it can be observed before  anneal.  'F luxes  which have 
not previously been employed may be used befqre  applying these  
l i q u i d s .  

2.1.2 . Sol id  State Diffusion Bonds 

The b inary  d i f f u s i o n  coup1.e has been used as an  experi- 
mental t o o l '  f o r  studying in t e rpene t r a t ion  of metals. Hetero-solid- 
s o l i d  bonds (Au-Ag; Au-Cu) where layered materials d i f f u s e  t o  form 
i d e a l  s o l i d  so lu t ions  present  an a t t r a c t i v e  a l t e r n a t i v e  t o  l i q u i d  
systems where undes i rab le  i n t e r m e t a l l i c s  may be present .  Although 
these  bonds undoubtedly r e q u i r e  longer anneals at  higher  tempera-  
t u r e s  than  t h e  SLID bonds, t h e  advantages i n  both thermal and 
electrical conduct iv i ty  might make t h i s  i n v e s t i g a t i o n  worthwhile. 

2.1.2.1 Resul t s  

\ 

'\ 
\ 

During t h i s  r e p o r t  per iod d i f f u s i o n  bonds f o r  s eve ra l  
l a r g e  (2-inch diameter) wafers have been made t o  molybdenum sub- 
strates us ing  t h e  Au-Ag d i f f u s i o n  couple a t  30OoC. 
a w a f e r  of  400 power t r a n s i s t o r s  which w a s  bonded t o  a 1132-inch 
moly p l a t e .  
d e t e r i o r a t i o n  due t o  bonding. Beta (the ampl i f i ca t ion  f a c t o r )  
appeared t o  be  unchanged and one could d e t e c t  no series r e s i s t a n c e  
(a p o s s i b l e  i n d i c a t i o n  of void-ing) i n  the base-col lec tor  diode path.  

These included 

T e s t s  of performance of t h e  t r a n s i s t o r s  i nd ica t ed  no 
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These tests are, however, inconclusive s i n c e  t h e  devices which w e r e  
bonded are not  the b e s t  " s t r a i n  gauges" and the  series r e s i s t a n c e  test 
is not a s e n s i t i v e  one f o r  vo ids .  
e f f e c t  t r a n s i s t o r s  i nd  d i f fused  r e s i s t o r s  (good s t r a i n  gauges) should 
y ie ld  more s ign i f i can t .  infr.. mation about s t r a i n  propagation and void- 
ing  i n  all s o l i d - s t a t e  diffusi .on bonds. 

Bonds using wafers 'with MOS f i e l d  
. 

. 

I 

, Several s i l i c o n  con t ro l l ed  r e c t i f i e r s  w e r e  bonded using 
the  Au-Ag d i f f u s i o n  couple. 

sur faces  of the wafer are p l a t ed  with metals and t h e  device i s  
annealed f o r  some 8-12 hours a t  30OoC. 

These are composed of a s i l i c o n  wafer 
q sandwiched between two tungsten d i sc s .  Both t h e  top and bottom 

Tests of t h e  performance of these  devices ind ica t ed  a 
forward vol tage  drop" comparable t o  the  devices manufactured us ing  II 

o t h e r  common solders .  This forward drop may be used as a tes t  f o r  
voiding. 
su r f ace  p l a t i n g ,  causing e l e c t r i c a l  leakage, w a s  p resent .  

Some degradation i n  device berformance ind ica ted  t h a t  

Many wafer-wafer bonds have been made t o  i n v e s t i g a t e  the 
homogeneity, and adherence c h a r a c t e r i s t i c s  of s o l i d - s o l i d  bonds. 
These ranged i n  s i z e  from s m a l l  chips  t o  2-inch wafers. In general  . 
these may be charac te r ized  as being of "good. mechanical qual i ty";  
i.e, t h e  wafers s t i c k  together  w e l l ,  but  are bese t  w i t h  voiding 
problems somewhat similar t o  the s o l i d - l i q u i d  bonds. 

2.1.2.2 Voids-iwSolid-Solid Diffusion Bonds ... 

i Again, as i n  the case  of t h e . S L I D  bonds, t h e  problem of 
' 1, 

major consequence, i n  making s o l i d  s ta te  d i f f u s i o n  bonds i s  voids ,  
The c h a r a c t e r i s t i c s  of t h e  voids odtained with so l id - so l id .  bonds 

* 

are d i f f e r e n t  than those when a l i q u i d  l a y e r  i s  present .  For example, 

c . .  

. -  . __ ..._ 
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even though outgassing of t h e  s o l i d  l a y e r  occurs, t h e r e  i s  no bubble 
formation 'with t h e  p r o b a b i l i t y  of escape being much g r e a t e r ,  
prohlems of Kirkendall  e f f e c t  , quenching and c l u s t e r i n g  and chemical 
r eac t ions  with N2 and H2 are probably minimal s i n c e  i n  these bonds . 

the anneal temperature. i s  much lower than the  so l idus  of e i t h e r  metal, 
There are, however, two major e f f e c t s  which may b e  respons ib le  f o r  

. the poor q u a l i t y  s o l i d - s t a t e  bonds. 

The 

(I) Surface Roughness--Electroplated gold and silver - 
This means t h a t  on a small scale I t  surfaces:  have a matte" f i n i s h .  

there e x i s t  many h i l l s ' a n d  v a l l e y s  r a t h e r  than a smooth p lanar  
surface.  When the  contac t  a r ea  f o r  bonding i s  s m a l l ,  moderate 
clamping forces  produce pressures  g r e a t  enbugh t o  deform t h e  gold 
and s i l v e r  i n t o  one another and vo id - f r ee  bonding i n t e r f a c e s  are  , 

observed. (This i s  t h e  p r i n c i p l e  underlying t h e  s tandard thermo- 
compression bond.) When a l a r g e  a rea ,device  i s  bonded (the same 
clamping system i s  used),  t he  pressures  a t  contac t  are g r e a t l y  
reduced, deformation does not  occur and cross -sec t ion  examination 
of t h e  bonds r evea l  voids w i t h  i r r e g u l a r  w a l l s  l y i n g  along t h e  
i n i t i a l  i n t e r f a c e  (Figure 4 ) .  

I 

(2) Uneven Pla t ing- - In  the p l a t i n g  systems used to date ,  
t h e  wafers were.simply he ld  i n  a f la t -nosed a l l i g a t o r  c l i p  while 
immersed i n  the  var ious p l a t i n g  ba ths .  
dens i ty  of e l e c t r i c  f i e l d  l ines--and hence the ra te  of metallic 
depos i t ion- - i s  g r e a t e s t  a t  the  edge of t h e  wafer. The r e s u l t  i s  
a ' p l a t e  which i s  concave r a t h e r  than p lanar .  
is placed i n  contact  with e i t h e r  a plane or another  concave one, 
adherence can only occur a t  t h e  h ighes t  po in t s  (i.e. t h e  edges).  
This phenomenon has been observed wi th  1.5- and 2.5-inch diameter 
s i l i c o n  wafer-wafer bonds t h a t  have been sect ioned as a long c iga r -  
shaped void running t h e  e n t i r e  length  of the bond (Figures 5 and 6 ) .  

I n  t h i s  conf igura t ion  t h e  

/ 
When such a su r face  

11 
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Figure 4 .  Voids due to Surface Roughness in 
Solid-Solid Diffusion Bonds 
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Solut ions t o  t h e  su r face  roughness problem must b e  accom- 
p l i shed  i n  some o the r  way than by p l a t i n g .  
o t h e r  po l i sh ing  techniques a f t e r  p l a t i n g  on a t h i c k  l a y e r  of gold 
may h e l p  reduce both problems. A c a l c u l a t i o n  of t he  pressure  appl ied 
by the small needle o f  a thermocompression bonder should y i e l d  in fo r -  
mation on t h e  f e a s i b i l i t y  of cons t ruc t ing  clamps which could apply 
comparable loads t o  a 2-inch wafer. I f  such loading i s  poss ib le , then  
the necess i ty  of smoothing t h e  su r face  w i l l  be removed. 

The use  of - *- abras ion  o r  

. 

11 TO a l l e v i a t e  t h e  concavity of t h e  p l a t ed  su r face  a robbing" 
technique might be employed during p l a t i n g .  This involves placing 
t h e  wafer t o  b e ' e l e c t r o p l a t e d  i n  contac t  w i t h  a much l a r g e r  me ta l l i c  
shee t .  
uniform r e s u l t i n g  i n  t h e  depos i t ion  of a uniform thickness  e l e c t r o p l a t e .  

The e l e c t r i c  f i e l d  over t h e  wafer i s  thereby caused t o  be  

It i s  bel ieved t h a t  when voiding problems are overcome and 
i n  cases where t h e  longer,  high temperature anneals can be t o l e r a t e d ,  
t h e  s o l i d - s o l i d  d i f fus ion  bond may provide a b e t t e r  bond than s o l i d -  
l i q u i d  d i f f u s i o n  bonds which may form undesirable  i n t e r m e t a l l i c s .  . 
2.2 EUTECTIC SOLDER METHODS 

A complementary bonding study employing the  commonly used 
e u t e c t i c  so lde r s  (Pb-Sn, Au-Sn, Au-Ge, Au-Si) i s  i n  progress .  For 
bonds where stresses are not  important (e.g. s tuds  t o  intermediate  
s u b s t r a t e s )  o r  where t h i c k  so lde r  l a y e r s  can be .employed, t hese  
e u t e c t i c  so lde r s  may have some usefulness .  / 

Ideas  f o r  us ing  these  common so lde r s  c u r r e n t l y  poin t  t o  
shaped preforms which would provide a r a d i a l l y  outward flow of metal 
after m e l t  (e.g. s ta r  shaped). Tnis would, i n  p r i n c i p l e ,  have a 
sweeping e f f e c t  and would provide a channel of escape f o r  gas.es. 

. 
. 
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Another concept 'under evaluat ion i s  t h e  use of so lde r  i n  ' ~ 

t he  form of very  s m a l l  spheres.  
so lde r  b a l l s  i s  held on the  wafer by a s t i c k y  organic paste 

For app l i ca t ion ,  a monolayer of 
which 

evaporates a t ,  100°C o r  so below t h e  so lde r  melting po in t .  
anneal,  t he re fo re ,  t h e  organic adhesive material burns of f  leaving 
a c lean  sur face  a t a c t u a l l y  m y  a c t ' a s  a f lux )  w e l l  before  the so lde r  
melts and w e t s  the  sur face .  It i s  noteworthy t h a t  t h e  s p h e r i c a l  
shapes provide b u i l t - i n  channels f o r  gas escape and voiding by 
t rapping should b e  minimal. Preliminary r e s u l t s  using t h e  Au-Sn 
e u t e c t i c  so lde r  (217OC) i n d i c a t e  t h a t  exce l l en t  wet t ing  of a gold- 
backed wafer can be achieved. 

During 

2.3 THFRMOP'HYS ICAL PROPERTIES 

2,3.1 Thermal Conductivity 

The Colora Messtecknik thermal conductometer has been used 
t o  complete measurements of t h e  thermal conduct iv i ty  of var ious  common 
e u t e c t i c  so lde r s .  Five so lde r s  , Au-Sn ( 8 0 - 2 0 ) ,  Au-Si (97-3) , Au-Ge 

c 

(88-12), A l - S i  (89-11) and Pb-Sn (37-63) i n  t h e  form of 0.65 x 1.0  
inch p e l l e t s  have been measured a t  100°C. 
so lder  have been measured a minimum of three t i m e s  each and t h e  
r e s u l t s  averaged. The r e s u l t s  are presented i n  Table I. 

Three pe l le t s  of each 

TABLE I 
, MEASURED THERMAL CONDUCTIVITY 
/'OF SELECTED EUTECTIC SOLDERS 
/ 

Solder 

Au-Sn (80-20) 
Au-Si (97-3) 

AI-Si (89-11) 
Pb-Sn (37-63). 

AU-GE (88-12) 

Conductivity 
(CaI/crn/sec "C) 

0.069 
0.031 
0.060 
0.196 
0.097 
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It i s  d i f f i c u l t  t o  make comparisons t o  much of the e x i s t i n g  
d a t a  t a b l e s  for  thermal conduct ivi ty  s ince  i n  very f e w  of t h e m  i s  t h e  
temperature of rneasukement quoted. 
funct ion of temperature and hence w e  might expect our va lues  (100°C) 
t o  deviate from any quoted i n  t h e  room temperature range and be s ig -  
n i f i c a n t l y ' l o w e r  than t h e  values  quoted a t  4 ' K  and l o w e r .  F i g w e  7 
shows a p l o t  of handbook values;? f o r  var ious Pb-Sn so lde r s  including 
a poin t  ' for  the a l l o y  w e  have measured. 
given w i t h  the handbook da ta ,  a d i r e c t  comparison may not  b e  j u s t i f i e d .  
However, a decrepancy appears t o  exist .  

This parameter i s  a decreasing 

Since no temperatures are 

. During this  r epor t  period, several measurements i n  the 
Ag-In system have been made, These r e s u l t s  are shown i n  Table 11. 

TABLE LI 
THERMAL CO~QUCTXVITLES OF A ~ L O Y  SOLDERS 

I N  THE Ag-In SYSTEM 

0.107 
0.099 

These values  are s i g n i f i c a n t l y  lower than that f o r  pure s i l ve r  
(0,999 cal/cm sec"C) which m2y be due i n  p a r t  t o  voids i n  the 
samples l e f t  from cas t ing .  
the thermal conductance of t h e  a l l o y s  should f a l l  o f f  sharp ly  
with increas ing  concentrat ion a t  e i t h e r  end of the phase diagram. 

It would be  expected, however, tha t  

. 
*Metals Handbook, ASM, 1948 Ed., p. 26. 
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Recal ibrat ion of t h e  apparatus using 99.999% pure metals 
of known conduct ivi ty  i s  t o  be-done i n  an e f f o r t  t o  e l i s i n a t e  e r r o r s  
which may be present .  
ing accuracy are r e a d i l y  ava i l ab le  and numbers can b e  obta ined-as  
quickly as samples are made. 

It i s  bel ieved t h a t  measurements w i t h  engineer- 

I 

, 

2.3.2 Mechanical Proper t ies  

During th i s  r epor t  per iod f u r t h e r  instrumentation f o r  
making Young's Modulus and o t h e r  r e l a t e d  mechanical p rope r t i e s  
measurements w a s  necess i ta ted .  Large amounts of devia t ion  i n  the 
i n i t i a l  da ta  f o r  pure s i l v e r  w e r e  a t t r i b u t e d  t o  the inherent  elonga- 
t i o n  of the Ins t ron  t e s t i n g  machine r a t h e r  than t o  the sample being 
pul led .  
measure sample elongation. This device c lamps  d i r e c t l y  t o  the sample 
w i t h  k n i f e  edges se t  a t  a 2-inch gauge length.  
monitored w i t h  a c a l i b r a t e d  s t r a i n  gauge and displayed on the y-scale  
of the Ins t ron  recorder .  Some preliminary da ta  has been obtained f o r  
t h e  Young's modulus of pure s i l ve r  and ind ica t ions  are t h a t  t h i s  
parameter can now be measured t o  wi th in  a f e w  percent.  

To overcome this  a s t r a i n  gauge extensometer w a s  used t o  

Elongations are 

Modifications i n  sample  prepara t ion  techniques are necessary.  
The method now used (drawing molten metal i n t o  an  evacuated tube)  seems 
t o  y i e l d  s h o r t  samples w i t h  voids  i n  them. I n  the next per iod w e  w i l l  
i n v e s t i g a t e  the p o s s i b i l i t y  of making f a i r l y  l a r g e  diameter ingots  and 
reducing these by drawing o r  swaging. This should not  only reduce 
void  d e n s i t i e s  and s i z e s  bu t  should a i d  i n  obtaining uniformity of 
composition. 

2.3.3 Coeff ic ien t  of Thermal Expansion 

A quar tz  di la tometer  has been used t o  make d i r e c t  measure- 
ments of expansion c o e f f i c i e n t s  of the so lde r  materials, This i s  
simply a d i a l  G a g e  mounted a t  the end of a quar tz  tube which holds 

/ 
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. t h e  sample .  The t u b e . i s  immersed i n  a s u i t a b l e  f l u i d  ( i n  t h i s  case 
s i l i c o n e  o i l )  which i s  heated causing t h e  sample t o  expand. 
e f f i c i e n t s  are ca l cu la t ed  from percentage expansions according t o  the 
e quat i on  

Co- 
' 

. 
L(T) = L'(T.) Cl 4- CI (T-T,)I 

0 

Original  scheduling c a l l e d  f o r  measurements of a l l  the e u t e c t i c  
so lders  as w e l l  as t h e  uncommon ones used i n  t h e  bonding p r o j e c t .  
This may not be necessary as a f a i r  amount of d a t a  may be  obtained 
from the  l i t e r a t u r e  and spot checking may s u f f i c e .  For example, 
an empir ical  equation has been published f o r  t h e  thermal expansion 
of t h e  Ag-In system i n  the  cx s o l i d  so lu t ion  (0-20% In)  near  roon 
temperature. It i s  

a Ag-In = c18.73 + 0.02042 (%In) -I- 0.003576(%In)*~ x l o w 6  
& 

where 18.73 pprn/OC i s  the expansion Coeff ic ien t  of pure s i l v e r .  
p l o t  of thf-s equation for t h e  d i l u t e  region (<20% In)  i s  shown i n  
Figure 8, W e  have measured the c o e f f i c i e n t  f o r  a 20 percent  In 
so lu t ion  and have obtained 20.2 ppni/*C which i s  wi th in  3 percent  of 
t he  quoted value.  

A 

) 

_. 
Since the realm of b inary  m e t a l l i c  systems has been w e l l  

inves t iga ted ,  we feel  t h a t  a thorough l i t e r a t u r e  search may make many 
measurements, e s p e c i a l l y  i n  t h e  d i l u t e  regions,  unnecessary. This 
search has been i n i t i a t e d .  Meanwhile somz measurements a t  spaced 
i n t e r v a l s  across  the phase diagrams are cont inuing as planned. 

2.4 STRESS ANALYSIS 

The f i r s t  r e s u l t s  from the so lu t ion  by superpos i t ion  of  the 
s t r e s ses - in -  joined-bodies" problem have been obtained. The method I t  

involves superposing four  sepa ra t e  problems t o  y i e l d  a composite 

. 
L 
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cy l inde r  w i t h  stress free sur faces .  This approach w a s  described i n  
' d e t a i l  i n  the l a s t  r e p o r t ,  ~ 

The t a sk  undertaken w a s  t h e  so lu t ion  of a t y p i c a l  mul t i layer  
bond, namely S i ,  Au, and M o .  .The s i l i c o n  wafer--20 m i l s  thick, 1 inch 
diameter--ijas assumed soldered by pure Au (2 - m i l s )  t o  a 1/8-inch t h i c k  

l a y e r  are Si:3.3, Au:14.3 and Mo:5.5 i n  ppm/OC. 
.molybdenum subs t r a t e .  The thermal expansion c o e f f i c i e n t s  f o r  each 

, The appl ied  stresses solved f o r  i n  Solut ion 111 of the  
superposi t ion g ive  some prelLminary ind ica t ion  of where the high 
stress regions are. 
so lde r  l a y e r  w i l l  be under very high tens ion  s t ress - -on  the order  
of 30,000 p s i ,  w h i . l e  the s i l i c o n  i s  under a compressional stress of 
about h a l f  t h i s  amount. The moly s u b s t r a t e  i s  the least s t r e s s e d  

- l ayer .  Calculat ions varying the thi-ckness . of t h e  gold l a y e r  have 
been done and these v e r i f y  t h a t  the so lder  i s  somewhat "transparent" 
t o  t h e  stress f i e l d .  
t o  so lder  thicknesses of 4 m i l s .  
contact  w i t h  gold,  it would be  under compression. T h i s  i nd ica t e s  
that  the s i l i c o n ' s  forces  are t ransmit ted through the Au t o  the 
molybdenum surface. 
4 m i l s ,  implying a stress f r e e  molybdenum l a y e r  and f o r  t h i cke r  
gold l aye r s  the molybdenum and s i l i c o n  have the same s i g n  of stress. 

I 

I 

It i s  apparent from the so lu t ion  that  the 

The molybdenum laye r  w i l l  be  under tens ion  up 
i I f  t h e  molybdenum w e r e  only i n  

A zero fo rce  i s  passed a t  so lde r  thickness of 

No  such zero po in t s  are reached f o r  the s i l i c o n  l a y e r  
point ing out  that  a stress f r e e  wafer bond, us ing  Au so lder ,  i s  
impossible. A c a l c u l a t i o n  varying the wafer thickness  ind ica t e s  
t h a t  t o  decrease the s i l i c o n  stress by a f a c t o r  of 2 one must more 
than double the wafer thickness .  This may b e  p r o h i b i t i v e  from a heat 
t r a n s f e r  s tandpoint .  - 

21 
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Calculations varying the substrate (140) expansion coefficient 
confirm the expected in that increases in the'coefficient cause the 
gold stresses to decrease (a better match) but further increase the 
silicon stres'ses. This latter effect also points out the solder 
transparency" (Figure 9). 11 

When the expansion coefficient of the solder layer is varied 
. (Figure 10) the molybdenum and silicon are virtually unaffected as to 
applied force (Solution 111). 
to do with the determination of the equilibrium radius of the bonded 
system. 
silicon is primarily stressed by the molybdenum acting through the 
transparent solder. 

This implies that the solder has little 

It further indicates that with a 2-mil thick solder layer the 

The complete calculation at, various expansion coefficients 
should further confirm this result. 

These preliminary results seem to imply the necessity of 
a "matched" solder layer whose expansion coefficient lies somewhere 
between, Mo and Si. Calculations on the stress fields using such a 
layer are in progress and results should be forthcoming. 

Initial results on the radial, Z, and hoop stresses in the 
Au layer do not indicate any dramatic differences from the hand cal- 
culated applied stresses. 
all these are flat,become nonvariant with radius,and have values of 
about 30,000 psi. 

. 

. Toward the center of the wafer (r < 0.3 inch) 

3.0 CONCLUSIONS 

The future of the diffusion bonding technique--both for 
SLID and SSID types--rests in the ability to eliminate the various 
voids which now plague the bonds. A concentrated effort 'to determine 

. .  
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the cha rac t e r  and causes of  voiding .should lead  t o  t h e  development 
of methods f o r  t h e i r  e l iminat ion.  
more of technique tEan an  inherent  defec t  i n  t h e  bonding method. 
These problems have w e l l  known and f requent ly  used so lu t ions  whic6 are 
are t o  be modified t o  f i t  ' the p a r t i c u l a r  needs of  this p r o j e c t .  

' 

I n  most cases t h e  problems are  

The mechanical, s t r eng th  of the 2-inch wafer bonds i s  t o  be 
f u r t h e r  evaluated using thermal shock t e s t i n g  and repeated thermal 
cycl ing.  Preliminary r e s u l t s  (10 cycles  from l i q u i d  n i t rogen  t o  hot  
p l a t e )  i b d i c a t e  good mechnical q u a l i t y .  
conduct iv i ty  c h a r a c t e r i s t i c s ,  however, leave much t o  be des i red .  
This i s . p r i m a r i l y  due t o  t h e  voids i n  the  so lde r  l aye r .  

The e l e c t r i c a l  and thermal 

Attempts a t  bonding 2-inch wafers containing many power 
t r a n s i s t o r s  have been successfu l  using b0t.h SLID and SSID bonding 
procedures. 
t o  voiding, e l e c t r i c a l  and thermal q u a l i t y  i s  doubtful .  Continued 
bonding and t e s t i n g  of these  d i f fused  devices i n  l a r g e  wafers are 
planned f o r  t h e  next r epor t  per iod.  

These bonds are of good dechanical q u a l i t y  bu t ,  due 

. 
. Measurements of  t h e  thermophysical p rope r t i e s  of var ious 

Although very repro- 
a l l o y  so lde r sa re  cqntinuing on a regular  b a s i s .  
ties f o r  s eve ra l  so lders  have been measured. 
ducible ,  t h e r e  has been some doubt about the absolu te  v a l i d i t y  of 
t hese  numbers due t o  s h i f t i n g  c a l i b r a t i o n  and o t h e r  d i f f i c u l t i e s  
w i t h  t h e  thermal conductometer. 
progress and modifications f o r  use  with t h e  r e l a t i v e l y  high con-. 
d u c t i v i t y  materials may have t o  be made. 

Thermal conductivi-. 

Reca l ibra t ion  of t he  machine i s  i n  

Thermal expansion da ta  has been obtained from the  l i t e r a t u r e  
f o r  t h e  Ag-In s o l i d  so lu t ion  and up t o  20 percent  indium. 
i n  this  labora tory  have confirmed some of these  r e s u l t s .  
l i t e r a t u r e  survey i s  expected t o  y i e l d  more s i g n i f i c a n t  da ta  along these  

Measurements 
A f u r t h e r  
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l i n e s .  
Is now being done. 

Determination of the thermal expansion of t h e  eutectic so lders  
Results should be.forthcoming. 
. 

The f i r s t  r e s u l t s  from t h e  stress ana lys i s  colrputer program 
have.been obtained. 
cu la ted  input  da ta  but  they,  i n  themselves, y i e l d  some i n s i g h t  i n t o  
the stresses of t h e  bonded system. 
bond are being evaluated. This da ta  and information obtained i n  
f u t u r e  runs w i l l  be in t e rp re t ed  and co r re l a t ed  i n  t h e  next r epor t  
per iod.  

The r e s u l t s  presented here are mostly hand cal-  

Program r e s u l t s  for a S i ,  Au, Mo 
a 

. j i  

4.0 NEW TECHNOLOGY 

N o  r epor t ab le  i t e m s  of new technology have been developed 
during t h i s  r epor t  per iod.  
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